Linear-response time-dependent density functional theory is used to investigate the relation between molecular bonding and surface plasmons for the model system H/Ag(111). We employ an orbital-dependent exchangecorrelation functional to obtain a correct description of the Ag 3d band, which is crucial to avoid overscreening the plasmon by the s-d interband transitions. For the clean surface, this approach reproduces the experimental plasmon energies and dispersion to within 0.15 eV. Adsorption of hydrogen shifts and damps the Ag(111) surface plasmon and induces a new peak in the loss function at 0.6 eV below the Ag(111) plasmon peak. This feature originates from interband transitions between states located on the hydrogen atoms and states on the Ag surface atoms.
I. INTRODUCTION
A large part of the research in the emerging field of plasmonics focuses on designing the plasmonic properties of metallic structures through geometrical modifications on a subwavelength scale. 1 For example, the localized surfaceplasmon resonances (LSPR) of noble-metal nanoparticles can be tuned by varying the size and shape of the particles. 2 The sensitivity of LSPR frequency to the surrounding dielectric environment forms the basis for molecular sensing. [3] [4] [5] Despite the widespread use of this technique, the relation between the adsorbate-metal interaction and the plasmonic properties of the interface is not well understood. Recently, important advances in this direction were provided by electronenergy-loss measurements on well-characterized noble-metal surfaces. These measurements revealed a significant change in surface-plasmon energy and dispersion upon adsorption of thiol-bonded molecules, which was rationalized using qualitative arguments. 6 Time-dependent density functional theory (TDDFT) has been successfully applied to describe plasmons in a wide range of materials, including simple metals and their surfaces, 7 graphene-based materials, 8, 9 bulk transition metals, 10 and even superconductors. 11 However, its application to noble-metal surfaces has remained a challenge. For the case of silver, which is one of the most commonly used materials for plasmonic applications, first-principles investigations have been performed for the bulk phase, 12 small, 13 and medium 14 silver clusters as well as atomic chains. 15 However, ab initio calculations of plasmon excitations at Ag surfaces have so far not been reported. One of the known problems is the incorrect description of the Ag 3d bands by the local density approximation (LDA), which leads to an artificially large screening of the plasmons. The many-body GW method generally provides a good description of the d bands in noble metals such as Ag 12 and Cu. 16 However, due to the computational cost, plasmon studies based on GW band structures have so far only been performed for the bulk phase of these metals.
In this work we take the first step toward a microscopic description of adsorbate-induced effects on metal surface plasmons by applying first-principles electronic structure theory to investigate how the plasmons of the Ag(111) surface are modified by the adsorption of atomic hydrogen. The problem of the incorrect description of the Ag 3d bands with the LDA and similar (semi)local functionals is overcome by using the orbital-dependent GLLBSC (Gritsenko, Leeuwen, Lenthe, and Baerends potential 17 with the modifications from Kuisma et al. 18 ) functional. This functional lowers energy of the Ag 3d band by around 1 eV, leading to surface-plasmon energies for the Ag(111) surface in very good agreement with experiments. Furthermore, we find that, in the presence of hydrogen, the silver surface plasmon is redshifted by 0.1-0.2 eV and, in addition, a new peak arises at 0.6 eV below the surfaceplasmon resonance. This new peak is shown to arise from interband transitions from the H atoms to the surface Ag atoms.
II. METHOD
All calculations have been performed by the grid-based projector augmented wave method (GPAW) code. 19, 20 The Ag(111) surface was modeled with 10 atomic layers (20.5 A thick) and a 1 × 1 unit cell. A supercell containing 30-Å vacuum and a uniform grid spacing of 0.18Å is used. The structure relaxation was carried out using LDA and 8 × 8 Monkhorst-Pack k-point sampling. The Kohn-Sham wave functions and band energies were calculated for the relaxed surface using both the LDA and the GLLBSC functional. The latter has recently been shown to produce band gaps for a range of different semiconductors, in very good agreement with experiments and more sophisticated theoretical approaches, while the computational cost is comparable to that of LDA. 17, 18 The plasmon energies are obtained as peaks in the loss function, which is directly comparable to the electron-energyloss spectroscopy (EELS). The former is defined as the imaginary part of the inverse dielectric function,
where q is a wave vector in the Brillouin zone (BZ) and V c (q) = 4π/|q| 2 is the Coulomb interaction. χ GG (q,ω) is the wave vector and frequency-dependent density response function, which is calculated within the adiabatic local density approximation (ALDA) and using wave functions and single-particle energies from an LDA or GLLBSC calculation, respectively.
Since we consider a finite slab in a supercell geometry, q is restricted to the two-dimensional (2D) surface BZ; i.e., its normal component is set to zero. In general, the loss function calculated in this way from Eq. (1) will show a peak both at the surface and bulk plasmon energies. An illustration of this can be seen in Fig. 2 of Ref. 22 for the case of a Mg slab. Details on the implementation of the response function in GPAW can be found in Ref. 22 .
The density response function was calculated using the ALDA for exchange and correlation. To construct the density response function, a dense sampling of the surface Brillouin zone on a 100 × 100 Monkhorst-Pack k-point grid was used, and empty bands up to 30 eV above the Fermi level were included. A finite broadening parameter of 0.05 eV was introduced. Local field effects were included in the direction perpendicular to the surface with an energy cutoff of 500 eV. The thickness of the slab and vacuum, the grid spacing, the number of bands, and the effect of local fields were separately tested to ensure convergence of the plasmon energies to within 0.03 eV.
III. RESULTS
In Fig. 1 we show the band structure of the Ag(111) surface calculated with the LDA (grey) and the GLLBSC (black) functional. For the Ag(111) surface we find that GLLBSC shifts the top of the Ag d band down by around 1 eV compared to LDA, in good agreement with photoemission measurements on Ag films. 21 The bottom of the d band is downshifted by 0.5 eV, leading to an effective narrowing of the d band of around 0.5 eV compared to LDA. The correction to the sp bands is found to be minimal. Similar GW corrections to the LDA band structure have been reported for bulk Ag 12 and Cu. 16 Figure 2(a) shows the loss function of a clean Ag(111) surface calculated with LDA along the -M direction of the surface Brillouin zone. The wave vectors increase from top to bottom in steps of q = 0.025Å −1 . The peak at 2.9 eV corresponds to the surface-plasmon resonance. Due to the screening by the 3d electrons, this value is considerably redshifted relative to the homogeneous electron gas prediction of 6.4 eV. 23 However, due to the high position of the 3d band in LDA (see Fig. 1 ) the screening is overestimated, and the plasmon energy obtained is too low compared to the experimental value of 3.71 eV. 24 Similar failures have been reported for other bulk noble metals such as gold and copper. 25 Figure 2(b) shows the loss functions obtained from the wave functions and energies of a GLLBSC calculation. The better description of the Ag 3d states significantly improves the surface-plasmon energy. In Fig. 2(c) we compare the calculated q-dependent plasmon energies with experimental values reported by Moresco et al. 24 The GLLBSC values are in remarkably good agreement with the experiments with deviations less than 0.15 eV in the considered wave-vector range. While the GLLBSC improves the plasmon energies, the width of the resonance remains too large. In fact, the experimental EELS shows a very intense peak with a width around 0.1 eV, while both GLLBSC and LDA yield a less intense peak with a width of 0.5 eV. Since we perform calculations for a ten-layer Ag slab, one might expect to see also the bulk plasmon in the EELS spectrum. However, for silver the deviation between the surface and bulk plasmon energies is only 0.1 eV. Since this energy difference is smaller than the width of the plasmon peak, we do not resolve two peaks. On the other hand, our calculations for the Mg(0001) surface show that, while the surface plasmon is converged for 10 layers, the bulk plasmon peak only emerges for slabs thicker than 16 layers. 22 We next consider the effect of a simple adsorbate on the surface plasmons. Figure 3(a) shows the loss function of a ten-layer slab of Ag(111) covered by a monolayer of H atoms on both sides of the slab. The q vector increases in steps of q = 0.025Å −1 from top to bottom. In contrast to the single sharp surface-plasmon resonance found for the clean surface in Fig. 2(b) , two peaks with considerably lowered strengths are visible in the energy range 2-5 eV. As q increases, both peaks disperse toward higher energies but show distinct damping behavior. The strength of the high-energy peak decays much faster than that of the lower-energy peak. The energies of both peaks are plotted in Fig. 3(b) as a function of q. The high-energy branch is quite close to that of the clean surface (black dots), indicating that this feature is due to a modified version of the original Ag(111) surface plasmon. Interestingly, the adsorption of hydrogen changes the dispersion of this plasmon in the low-q regime from positive to negative. The same behavior (change from positive to negative dispersion) was observed experimentally for the surface plasmon of Au(111) upon adsorption of thiolate-bonded molecules. 6 Since a negative dispersion is characteristic of free-electron metals, this change can be explained by a reduced effect of screening by the Ag 4d electrons at the surface when the H atoms are adsorbed, i.e., the H atoms make the surface more freeelectron-like. 23 The low-energy peak in the loss spectrum of H/Ag(111) is around 0.6 eV lower than the surface plasmon of the clean Ag(111) surface. This suggests that the origin of this feature is qualitatively different from the original surface plasmon of Ag(111).
In general, the effect of adsorbates on the surface collective excitations may be divided into a "static" contribution arising from hybridization and charge transfer at the interface and a "dynamic" contribution arising from the screening response of the electron system. The latter effect is, e.g., responsible for the damping of plasmons in adsorbed graphene 26 and the narrowing of the energy gap of molecules weakly physisorbed on a surface. 27 To distinguish the two effects, the loss function was calculated with the hydrogen layer gradually moving away from the Ag surface. When the hydrogen atoms are more than 2Å away from the surface, hybridization and chargetransfer effects are negligible. At this distance the low-energy peak completely disappears from the loss spectrum, and the higher-energy peak becomes identical to the surface-plasmon resonance of a clean Ag surface. This shows that the highenergy peak is indeed a modified surface plasmon of the Ag surface, while the low-energy peak originates from a change of the electronic band structure and wave functions at the interface, i.e., a static effect.
To further analyze the origin of the low-energy peak, we note that the loss function (in the low-q limit) can be written as 2 (ω)/[ 1 (ω) 2 + 2 (ω) 2 ], where 1 and 2 are the real and imaginary parts of the macroscopic dielectric function, respectively. Because local field effects are in fact negligible for small q, 2 is simply a joint density of states of vertical single-particle transitions weighted by dipole matrix elements, i.e., it has peaks at | mk+q − nk | with magnitude | ψ nk |e −iq·r |ψ mk+q | 2 , where nk and ψ nk are the Kohn-Sham eigenenergy and wave function at band n with wave vector k. We find that 2 (ω) (not shown) has a peak at the same energy as the low-energy peak in the loss spectrum. This shows that the low-energy peak is not due to a plasmon in the usual sense [characterized by ε(ω) = 0] but is rather due to a high density of uncorrelated single-particle transitions. In Fig. 4(a) we show the interband transitions that give rise to the peak. Note that the usual condition of a surface plasmon (ω) + 1 = 0 is (approximately) valid when is the bulk permittivity. In our case is the dielectric function of the interface, and thus ε(ω) = 0 is the correct condition.
The transitions giving rise to the low-energy peak in the loss spectrum occur between the bands marked by the vb (blue) and cb (red) curves in Fig. 4(a) . These two bands are absent in the band structure of the clean surface but emerge from the adsorption of the hydrogen monolayer. Figure 4(b) shows the shape of the wave functions corresponding to the states marked by the arrow in Fig. 4(a) . The occupied band [indicated with vb in Fig. 4(a) and 4(b) ] has an s-orbital shape and is located on the hydrogen atom (small cyan spheres). The unoccupied band [indicated with cb] has p-orbital character and is mainly located on the surface Ag atom (large grey spheres). We thus conclude that the low-energy peak in the loss spectrum of Fig. 3 originates from the interband transitions from the H atoms to the surface Ag atoms. These interband transitions also act as a decay channel for the modified surface plasmon (the high-energy peak), explaining the stronger damping of the latter as compared to the clean surface plasmon.
IV. CONCLUSIONS
In conclusion, we have calculated the electron-energy-loss spectrum of a Ag(111) surface with and without a hydrogen monolayer using TDDFT linear-response theory. An accurate description of the Ag 3d bands was found to be crucial for quantitative agreement with experiments for the surface plasmons of clean surface. Upon adsorption of hydrogen a new low-energy peak emerges in the EELS spectrum. The new feature was attributed to interband transitions from a band located mainly on the H atoms to a band located on the surface Ag atoms. These results show that the surface plasmons of noble-metal surfaces can be significantly modified by adsorbate molecules.
